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NatronococcusThe lipidome of two extremely haloalkaliphilic archaea, Natronococcus occultus and Natronococcus amylolyti-
cus, has been examined by means of combined thin-layer chromatography and MALDI-TOF/MS analyses. The
detailed investigation of lipid proﬁles has conﬁrmed the presence of i) ether lipid phosphatidylglycerol and
phosphatidylglycerophosphate methyl ester as main lipid components, ii) both C20 and C25 isopranoid chains
in the lipid core and yielded new ﬁndings on membrane lipids of these unusual organisms. Besides some
novel minor or trace phospholipids and glycolipids, data indicate the presence of ether lipid cardiolipin var-
iants constituted by different combinations of C20 and C25 isopranoid chains, never before described in ar-
chaea. The role of C25 isopranoid chains in the adaptation to high pH gradients in the presence of very high
salt concentrations is discussed.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
Hypersaline basins worldwide represent ecological niches offering
various examples of life adaptation to extreme environments.
Haloarchaea are present in the rich and diverse microbial community
of hypersaline environments, such as coastal salterns and continental
lakes; some haloarchaea are able to cope at the same time with high
salinity and high alkalinity and are therefore named haloalkaliphiles
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rights reserved.Natronococcus occultus and Natronococcus amylolyticus, considered
in the present study, were originally isolated from Magadi Lake in
Kenya [3]. In addition to high concentrations of sodium and chloride
ions, this inner African basin contains high concentrations of sesqui-
carbonate, that confer high alkalinity (pH 10–11) to the brines.
It is well known that archaea display many biochemical and phys-
iological features well distinct from those of bacteria and eukaryotes.
Besides ribosomal RNA (16S rRNA) sequences and cell wall struc-
tures, membrane lipids are considered chemotaxonomic markers to
delineate halophilic and other archaea from all other organisms [4,5].
In contrast with eukarya and bacteria containing largely
diacylglycerol-derived membrane lipids and some monoacyl-
monoalkyl-glycerol-derived lipids, archaeal membrane lipids of halo-
philes and haloalkaliphiles are constituted by glycerol diether lipids
containing isopranoid chains [6].
Archaeal diether glycerophospholipids are the mirror images of
the analogous diester glycerophospholipids found in all other organ-
isms; i.e. glycerol in the archaeal glycerophospholipids (sn-glycerol-
1-phosphate, S conﬁguration) has the opposite stereoconﬁguration
to that of glycerol in glycerophospholipids of other prokaryotes and
eukaryotes (sn-glycerol-3-phosphate, R conﬁguration) [7].
The study of unusual archaeal lipids and the comparison of their
characteristics with those of bacterial and eukaryotic lipids may
help us to understand the origin and the evolution of cell membranes.
Lipids of halophilic archaea are based on 2,3-di-O-phytanyl-sn-
glycerol (C20, C20) [7], having therefore two identical hydrophobic
chains, whereas haloalkaliphilic archaea also have signiﬁcant
amounts of lipids based on 2-O-sesterpanyl-3-O-phytanyl-sn-glycerol
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and C25, C20 lipid cores are linked to different polar groups, such as
glycerol phosphate, sulfate glycerol phosphate, methylated glycerol
diphosphate, sugars and sugar sulfates [9]. An overall view of struc-
tures of archaeal diether lipids and a list of archaeal lipid abbrevia-
tions are given in Fig. 1 and Table 1 of supplemental material.
Furthermore, the membranes of halophilic archaea also contain ana-
logs of cardiolipin (CL). In particular both cardiolipin and glycosylated
cardiolipins have been found in halophilic archaea [10–13] The ar-
chaeal (i.e. ether lipid) cardiolipin or bisphosphatidylglycerol (BPG)
of halophilic archaea is a dimeric phospholipid containing four iden-
tical branched C20 lipid chains as it is synthesized at expense of phos-
phatidylglycerol based on the 2,3-di-O-phytanyl-sn-glycerol diether
lipid core (PG C20, C20) [14,15]. No studies have reported so far the
presence of BPG in extremely haloalkaliphilic archaea.
In the present work we have re-examined the lipid composition of
two representatives of haloalkaliphilic archaea of the genus Natrono-
coccus with updated analytical methods to check if archaeal cardioli-
pins, possibly having chains of different length, are present.
2. Material and methods
2.1. Materials
DNase I was obtained from Sigma Aldrich. 9-Aminoacridine hemi-
hydrate was purchased from Acros Organics (Morris Plains, NJ). Ar-
chaeal lipid standards were isolated and puriﬁed from haloarchaea
cultured in our laboratory as described in the following sections.
The following archaeal lipids (i.e. diphytanylglycerol ether analogs)
were used in the present study: PG, phosphatidylglycerol; PGP-Me,
phosphatidylglycerophosphate methyl ester; PGS, phosphatidylglycero-
sulfate; BPG, bisphosphatidylglycerol; S-TGD-1, (3’-sulfo)Galpβ1-
6Manpα1-2Glcpα1-1-[sn-2,3-di-O-phytanylglycerol] and S-TGD-1-PA,
(3’-sulfo)Galpβ1-6Manpα1-2Glcpα1-1-[sn-2,3-di-O-phytanylglycerol]-
6-[phospho-sn-2,3-di-O-phytanylglycerol], all obtained from Hbt.
salinarum; S-DGD-5-PA, (2′-sulfo)Manpα1-2Glcpα1-1-[sn-2,3-di-O-
phytanylglycerol]-6-[phospho-sn-2,3-di-O-phytanylglycerol] isolated
fromHalorubrum sp. strainMdS1. The following commercial glyceropho-
spholipids (used as standards): 1,1′,2,2′-tetratetradecanoyl cardiolipin,
1,1′2,2'-tetra-(9Z-octadecenoyl) cardiolipin, 1,2-ditetradecanoyl-sn-
glycero-3-phosphate, 1,2-ditetradecanoyl-sn-glycero-3-phospho-(1′-
rac-glycerol), 1,2-ditetradecanoyl-sn-glycero-3-phospho-L-serine, 1,2-di-
(9Z-hexadecenoyl)-sn-glycero-3-phosphoethanolamine,were purchased
from Avanti Polar Lipids, Inc. (Alabaster, AL). All organic solvents used in
extraction andMS analysiswere commercially distilled and of the highest
available purity and were purchased from Sigma Aldrich, J.T. Baker or
Carlo Erba. HPTLC and TLC plates (HPTLC Silica gel 60 A, aluminiumplates
and TLC Silica gel 60A glass plates), obtained from Merck, were washed
twicewith chloroform/methanol (1:1, v/v) and activated at 180 °C before
use.
2.2. Microorganism growth conditions
The two strains of the genus Natronococcus used in this study: Ncc.
amylolyticus DSM 10524 and Ncc. occultus DSM 3396 were grown in
the media recommended by the DSM (German Collection of Microor-
ganisms and Cell Cultures) as previously described [16]. The Alkaline
medium (MA) contain (per litre distilled water): peptone (Difco),
5.0 g; meat extract (Difco), 3.0 g; KH2PO4, 3.9 g; MgSO4.7H2O,
0.78 g; NaCl, 157.0 g; Na2CO3, 21.4 g; NaHCO3, 17.0 g. These compo-
nents: NaCl, Na2CO3 and NaHCO3 were autoclaved separately and
added to the medium prior to incubation [16]. Solid media contained
2.0% (w/v) agar; the strains were maintained on this solid medium.
The Hbt. salinarum cells, kindly provided by Richard Needleman
[17] were grown in light at 37 °C in liquid growth medium containing
neutralized peptone (L34, Oxoid), prepared as previously described[18]. The MdS1 strain, a representative of Halorubrum sp., was isolat-
ed from the salterns Margherita di Savoia and grown in our laboratory
as previously described [15].
2.3. Lipid extraction
Total lipids of the two strains were extracted using the Bligh and
Dyer method [19], as modiﬁed for extreme halophiles [10]; the ex-
tracts were carefully dried under N2 before weighing and then dis-
solved in chloroform (10 mg/ml).
2.4. High-performance thin-layer chromatography
Total lipid extracts were analyzed by HPTLC (Merck 10×20 cm, al-
uminium back) with Solvent A (chloroform/methanol/90% acetic acid,
65:4:35, v/v). Lipid detection was carried out by spraying with 5% sul-
furic acid in water, followed by charring at 180 °C for 7–8 min [20], or
alternatively spraying the plate with a solution of primuline [21] and
detecting lipid upon excitation by UV light (336 nm). Furthermore
the following stainings were performed in order to identify the lipid
classes present in the TLC bands: (a) molybdenum-blue Sigma spray
reagent for phospholipids [20]; (b) azure-A/sulfuric acid for sulfatides
and sulfoglycolipids [22]; (c) ninhydrin in acetone/lutidine (9:1) for
free amino groups.
2.5. Isolation and puriﬁcation of individual lipids from the total extract
The lipid components of the total lipid extract of Ncc. occultus
were separated by preparative TLC (Merck 20×20 cm×0.5 mm
thick layer, glass plates) in Solvent A. Lipids were visualized by stain-
ing with iodine vapour and were eluted and recovered from the
scraped silica as previously described [10]. Isolated and puriﬁed
phospholipids were dissolved in chloroform at the concentration of
1 mg/ml; while glycolipids and cardiolipin analogs in the mass
range 1000–2000 a.m.u. were resuspended at the ﬁnal concentration
of 2 mg/ml.
2.6. Preparation of lipid samples in solution for MALDI-TOF/MS
Samples were prepared as previously described [23]. Brieﬂy, the
total lipid extracts (10 mg/ml) and individual lipid components
(1–2 mg/ml) were diluted from 20 to 200 μl with isopropanol/
acetonitrile (60/40, v/v). Next, 10 μl of diluted sample was mixed
with 10 μl of 9-aminoacridine (10 mg/ml; dissolved in isopropanol/
acetonitrile (60/40, v/v)). Then 0.25 μl of the mixture was spotted
on the MALDI target (Micro Scout Plate, MSP 96 ground steel target).
2.7. Coupling of HPTLC with MALDI-TOF/MS
The procedure was carried out, according to Fuchs et al. [21], with
minor modiﬁcations, cutting the HPTLC plates in smaller pieces
(about 4×8 cm in size) containing all the phospholipids present in
the total extract of each strain. These pieces, which corresponded to
a single lane of HPTLC, were then ﬁxed onto the MALDI target with
double-sided adhesive tape. Three small droplets of saturated matrix
(9-AA) solution (in total 1.5 μl) were then deposited onto each point,
obtaining a continuous deposition along the HPTLC lane. Then the
matrix deposition points were numbered and each of them was
assigned to HPTLC band areas of interest by comparing the retention
factors resulting from staining by lipid charring and/or primuline.
Then all the matrix deposition points were directly analyzed with
MALDI-TOF/MS. Although for each TLC band a certain number of
mass spectra were acquired, only the most representative spectra
are shown.
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MALDI-TOF mass spectra were acquired on a Bruker Autoﬂex mass
spectrometer (Bruker Daltonics, Bremen, Germany). The system uti-
lizes a pulsed nitrogen laser, emitting at 337 nm, the extraction volt-
age was 20 kV and gated matrix suppression was applied to prevent
detector saturation. 999 single laser shots (sum of 3×333) were aver-
aged for each mass spectrum. The laser ﬂuence was kept about 10%
above threshold to have a good signal-to-noise ratio. In particular
for the analysis of the bands on the HPTLC plates, the laser ﬂuence
was 20% more than in the analysis of the lipids in solution; in fact a
major ﬂuence is needed to desorb lipids from the silica. All spectra
were acquired in reﬂector mode using the delayed pulsed extraction;
only spectra acquired in negative ion mode are shown in this study.
Spectral mass resolutions and signal-to-noise ratios were determined
by the software for the instrument, “Flex Analysis 2.4” (Bruker
Daltonics).
A mix containing: 1,1′,2,2′-tetratetradecanoyl cardiolipin, 1,1′
2,2′-tetra-(9Z-octadecenoyl) cardiolipin, 1,2-ditetradecanoyl-sn-
glycero-3-phosphate, 1,2-ditetradecanoyl-sn-glycero-3-phospho-
(1′-rac-glycerol), 1,2-ditetradecanoyl-sn-glycero-3-phospho-L-serine,
1,2-di-(9Z-hexadecenoyl)-sn-glycero-3-phosphoethanolamine
and the archaeal glycosylated cardiolipin (2’-sulfo)Manpα1-
2Glcpα1-1-[sn-2,3-di-O-phytanylglycerol]-6-[phospho-sn-2,3-di-O-
phytanylglycerol] (S-DGD-5-PA) was always spotted next to the
sample as external standard and an external calibration was per-
formed before each measurement; the mass range of the authentic
standards is 590–1770 a.m.u.3. Results
3.1. HPTLC lipid proﬁles of the haloalkaliphiles Ncc. occultus and Ncc.
amylolyticus
Fig. 1 shows the HPTLC of the total lipid extract of Ncc. occultus
DSM 3396 and Ncc. amylolyticus DSM 10524. Individual lipidFig. 1. HPTLC lipid proﬁles of the total lipid extract of Halobacterium salinarum, Natro-
nococcus occultus DSM 3396 and Natronococcus amylolyticus DSM 10524. Lipid bands
on the plate are indicated by their abbreviations, see Table 1 of supplemental material;
PL2 is the abbreviation used by Lanzotti et al. [24] to indicate the lipid between PGP-Me
and PG in Ncc. occultus.components were identiﬁed by comparison of their Rf values with
those of the individual lipid components of the halophilic archaeon
Hbt. salinarum, by their response to speciﬁc lipid stainings (data not
shown) and by MALDI-TOF/MS analyses. It is evident that there are
three major phospholipid (PL) classes in common, plus one minor
PL component (PL2) in Ncc. occultus only. At variance from the lipids
of the extreme halophile Hbt. salinarum, the main lipid components of
haloalkaliphiles appear to be split in two close bands due to the si-
multaneous presence of the forms based on 2,3-di-O-phytanyl-sn-
glycerol (C20, C20) and 2-O-sesterpanyl-3-O-phytanyl-sn-glycerol
(C25, C20) diether lipid cores. The main PLs in both lipid extracts of
Ncc. occultus and Ncc. amylolyticus are phosphatidylglycerophosphate
methyl ester (PGP-Me) and phosphatidylglycerol (PG); in addition, a
band comigrating with bisphosphatidylglycerol (BPG) can be seen
close the solvent front.
PL2 in Ncc. occultus was previously described as a phosphatidyl-
glycerol phosphate derivative with a cyclic phosphate (2,3-di-O-
phytanyl-sn-glycero-1-phosphoryl-3'-sn-glycero-1',2'-cyclic phosphate)
[24].
A minor component comigrating with PGS is present in both lipid
proﬁles; this component was negative to azure-A staining (data not
shown).
3.2. MALDI-TOF/MS lipid proﬁle of Ncc. occultus and Ncc. amylolyticus
Fig. 2 shows the MALDI-TOF mass spectra of the total lipid extracts
of Ncc. occultus and Ncc. amylolyticus acquired in the negative ion
mode using 9-AA as matrix. The signals in the spectra attributable
to the negative molecular ions [M-H]- of archaeal phospholipids and
glycolipids are collected in Table 1.
The peaks in the spectra can be grouped in 4mainm/z ranges: a) the
main peaks are those of phospholipids in the range 700–1000 m/z;
b) signals attributable to glycolipids, typically in the range
900–1400 m/z are very low; c) the archaeal bisphosphatidylglycerol
displays signals from 1500 to 1600; d) glycosylated cardiolipins from
1600 to 2000 m/z.
In the Fig. 2A and B an enlargement of y axis in the range
1400–2000 is also presented in order to show the minor peaks of
the complex dimeric phospholipids cardiolipins and glycosylated
cardiolipins.
The peaks at 805.8 and 875.7 differ of 70 Th and are attributable to
two different forms of archaeal phosphatidylglycerol (PG): the peak
at 805.8 to PG based on 2,3-di-O-phytanyl-sn-glycerol and that at
875.7 to PG based on 2-O-sesterpanyl-3-O-phytanyl-sn-glycerol (see
Fig. 1 in supplemental material). In analogy the peaks at m/z 899.7
and 969.8 correspond to PGP-Me C20, C20 and PGP-Me C25, C20 respec-
tively. Interestingly among the minor peaks, that at 773.5 can be at-
tributed to archaeal phosphatidylethanolamine (PE) C20, C20;
ninhydrin staining conﬁrmed the presence of traces of PE in the
total lipid extract (data not shown).
The peak at m/z 731.7 (diagnostic of archaeal phosphatidic acid,
PA) is attributable to a fragment ion typically found in negative ion
MALDI-TOF/MS spectra of total polar lipids of extremely halophilic ar-
chaea; in the spectra of haloalkaliphiles it is present together with
that of PA C25, C20 at m/z 801.7.
In summary, all detected phospholipids, are also present in their
2-O-sesterpanyl-3-O-phytanyl-sn-glycerol (C25, C20) glycerol diether
form and in some cases their sodium or potassium adducts are also
present (see Table 1); sodium adducts of archaeal phospholipids
have also been found in ESI-MS analyses [25]. In most cases, in agree-
ment with previous literature data [26] and our chromatographic
evidence, the MS signals of phospholipids based on 2-O-sesterpanyl-
3-O-phytanyl-sn-glycerol core are lower than those based on 2,3-di-
O-phytanyl-sn-glycerol core.
The peaks in both spectra in the range 1550–1700 are attributable
to BPG constituted by four C20 chains and to the other BPG forms
Fig. 2. MALDI-TOF/MS lipid proﬁles of Natronococcus occultus DSM 3396 (A) and Natronococcus amylolyticus DSM 10524 (B) acquired in the negative ion mode using 9-AA as the
matrix. The m/z signals corresponding to the different lipid components are: PA (C20, C20), [M–H]− at 731.7; PG (C20, C20), [M–H]− at 805.8; PG (C25, C20), [M−H]− at 875.7; PGP-
Me (C20, C20), [M–H]− at 899.7; PGP-Me (C25, C20), [M–H]− at 969.8; BPG (C20, C20, C20, C20), [M–H]− at 1520.5; BPG (C20, C20, C20, C20) sodium adduct, [M–H]−+Na at 1542.6; BPG
(C25, C20, C20, C20), [M–H]− at 1590.7; BPG (C25, C20, C20, C20) sodium adduct, [M–H]−+Na at 1612.7; peaks in the range 1670–2000 are referable to complex dimeric phosphogly-
colipids (glycocardiolipins). The detailed list of detected peaks is shown in Table 1. The exact mass of the isopranoid unit is 70 a.m.u.
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of archaeal cardiolipin (BPG) at m/z 1520.6 and 1542.5 (molecular ion
and sodium adduct respectively) as well as its 2-O-sesterpanyl-3-O-
phytanyl-sn-glycerol (C25, C20) glycerol diether form at m/z 1590.7
and 1612.7 (molecular ion and sodium adduct respectively) can be
seen in the y-enlargement of the mass spectra. These data represent
the ﬁrst evidence for the presence of BPG in archaea of the genus
Natronococcus and conﬁrm that BPG is an essential lipid component
of membranes of haloarchaea [11].
A number of other minor signals are present in the range of the
complex glycosylated cardiolipins; the peaks at m/z 1674.5 and
1744.6 are present in Ncc. occultus but not in Ncc. amylolyticus; the
difference between these last two peaks is 70 Th, suggesting that
the two lipids have the same backbone but chains of different length.
Signals separated by a distance of 70 Th are also present in the cluster
of peaks between 1800 and 2000 m/z in both lipid extracts.
3.3. Combined HPTLC and MALDI-TOF/MS lipid proﬁle of Ncc. occultus
In order to better characterize the individual lipid components in
the total lipid extract of the haloalkaliphiles, we applied the method
of direct coupling of HPTLC and MALDI-TOF/MS as described in detail
in experimental procedures. Only the lipid extract of Ncc. occultus has
been analyzed with this approach. Fig. 3 shows the chromatogram
of a lipid extract from Ncc. occultus in combination with the selec-
ted negative ion mass spectra obtained during the scanning of
the main bands present on the TLC plate. The assignments of all
detected peaks are provided in Table 1. As shown in the Fig. 3, with
this updated analytical method, it was possible to distinguish the
2,3-di-O-phytanyl-sn-glycerol (C20, C20) from the 2-O-sesterpanyl-3-
O-phytanyl-sn-glycerol (C25, C20) glycerol diether form for all thePLs present in the lipid proﬁle. Although not all spectra will be dis-
cussed in detail, a number of points need to be emphasized; proceed-
ing by Rf order, from the bottom to the top of the plate:
1. Very little amounts of two high polar glycolipids, signals at m/z
959.4 and 1036.7, were identiﬁed in the region of the plate
below the phosphatidylglycerophosphate (PGP) band, not far
from the deposition line of lipids on the plate (see spectra 1
and 2). Both are present together with the 2-O-sesterpanyl-3-O-
phytanyl-sn-glycerol (C25, C20) glycerol diether form (+70 Th) at
m/z 1029.5 and 1106.9 respectively. The peak at m/z 1036.7 over-
laps with PGP. These compounds where found to be positive to
azure-A (data not shown).
2. The analysis of the band below the PGP-Me (spectrum 3) revealed
signals at m/z 885.4 and 955.5 (70 Th difference) that could be
assigned to PGP or PGS, whose molecular structure have the
same exact mass (see structures in Fig. 1 supplemental material).
However, given that this component is positive to the
molybdenum-blue staining and negative to the azure-A staining
(data not shown), we can conclude that it deals with PGP, accord-
ing with previous lipid analyses of the genus Natronococcus ex-
cluding the presence of PGS in these microorganisms.
The analysis of the band below the PGP-Me (spectrum 3) revealed
signals at m/z 885.4 and 955.5 (70 Th difference) that could be
assigned to PGP or PGS, whose molecular structure have the
same exact mass (see structures in Fig. 1 supplemental material).
However, given that this component is positive to the
Molybdenum-Blue staining and negative to the Azure-A staining
(data not shown), we can conclude that it deals with PGP, accord-
ing with previous lipid analyses of the genus Natronococcus ex-
cluding the presence of PGS in these microorganisms.
Table 1
Assignments of m/z values detected in the negative ion mode MALDI-TOF mass spectra
of the Natronococcus occultus total lipid extract. Spectra were recorded directly on the
TLC plate using 9-AA as the matrix. Phospholipids, glycolipids, cardiolipins and glyco-
cardiolipins are listed in the table. Lipids are indicated as abbreviations.
Diether lipid class m/z value Assignment [M–H]−
Phospholipids 731.7 PA C20,C20
773.5 PE C20,C20
801.7 PA C20,C25
805.8 PG C20,C20
827.7 PG C20,C20+Na
843.4 PE C20,C25
875.7 PG C20,C25
885.4 PGP C20,C20
899.1 PGP-Me C20,C20
907.4 PGP C20,C20+Na
921.2 PGP-Me C20,C20+Na
937.6 PGP-Me C20,C20+K
955.5 PGP C20,C25
969.2 PGP-Me C20,C25
977.4 PGP C20,C25+Na
991.2 PGP-Me C20,C25+Na
1008.7 PGP-Me C20,C25+K
Glycolipids 959.4 Unknown 1 C20,C20
981.4 Unknown 1 C20,C20+Na
1029.5 Unknown 1 C20,C25
1036.7 Unknown 2 C20,C20
1051.5 Unknown 1 C20,C25+Na
1058.8 Unknown 2 C20,C20+Na
1106.9 Unknown 2 C20,C25
1128.8 Unknown 2 C20,C25+Na
Cardiolipins 1520.4 BPG C20, C20, C20, C20
1542.5 BPG C20, C20, C20, C20+Na
1590.6 BPG C25, C20, C20, C20
1612.6 BPG C25, C20, C20, C20+Na
1660.7 BPG C25, C20, C25, C20
1682.7 BPG C25, C20, C25, C20+Na
Glycocardiolipins 1674.2 Unknown 3 C20, C20, C20, C20
1696.2 Unknown 3 C20, C20, C20, C20+Na
1718.2 Unknown 3 C20, C20, C20, C20+2Na
1744.4 Unknown 3 C25, C20, C20, C20
1766.4 Unknown 3 C25, C20, C20, C20+Na
1788.5 Unknown 3 C25, C20, C20, C20+2Na
1814.9 Unknown 3 C25, C20, C25, C20
1837.1 Unknown 3 C25, C20, C25, C20+Na
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area of the plate overlapping with PGP-Me C20, C20 (see circle in
spectrum 4). These are complex dimeric phosphoglycolipids pre-
sent in both Ncc. occultus and Ncc. amylolyticus. Further experi-
ments are required to resolve the structures of these new
phosphoglycolipids.
4. In an area of the plate (spectrum 6), located immediately upon the
PGP-Me band, we obtained spectra with small signals at m/z 867.4
and 937.5 referable to the molecular structure of the PGP-1′,2′-
cyclic phosphate, i.e. 2,3-di-O-phytanyl-sn-glycero-1-phosphoryl-
3′-sn-glycero-1′,2′-cyclic phosphate (C20, C20 and C25, C20 forms,
respectively) [24].
5. On the other hand, the band previously named PL2 by Lanzotti et
al. [24], turned out to be not the PGP-cyclic. Indeed the area on
the plate corresponding to spectra 7 and 8 revealed the presence
of complex dimeric phosphoglycolipids (at m/z 1674.2) that
could have a molecular structure resembling that of glycosylated
cardiolipins found in Hbt. salinarum, Halorubrum and Haloferax
[10–13]. We suggest that both are dimeric phospholipids because
two peaks at m/z 1744.4 and 1814.9 corresponding to the C25,
C20, C20, C20 and C25, C20, C25, C20 forms (+70 and+140 Th respec-
tively) are present together with the peak at 1674.2 (with four
identical C20 chains) are present. These lipids have not been
found in Ncc. amylolyticus and therefore are distinctive of Ncc.
occultus.6. Worthy of note, the archaeal PE (see structure in Fig. 1 supplemental
material), molecular ion at m/z 773.5, is present in the PG band
(spectra 8 and 9); thanks to the combined HPTLC-MALDI analyses
it was also possible to identify the 2-O-sesterpanyl-3-O-phytanyl-
sn-glycerol (C25, C20) glycerol diether form at m/z 843.4. This result
conﬁrms recent ﬁndings that minor amount of PE are present in ex-
tremely halophilic archaea [27].
7. The analysis of the band having the same Rf of BPG of Hbt. sali-
narum, conﬁrmed that two archaeal BPG forms with four identical
phytanyl chains (C20, C20, C20, C20) and with one sesterpanyl and
three phytanyl chains (C25, C20, C20, C20) are present in the lipid
proﬁle of Ncc. occultus (spectrum 11), at m/z 1520.4 and 1590.6 re-
spectively; these peaks are also clearly visible in the mass spec-
trum of total lipid extract (Y-axis enlargement in Fig. 2). In
addition, thanks to the new method here used, it was possible to
detect also the archaeal BPG form with two sesterpanyl chains
(C25, C20, C25, C20), whose peak, at m/z 1660.7, has a much lower
intensity compared with the peaks of the other forms (m/z
1520.4 and 1590.6). The sodium adducts of the three forms are
also present at m/z 1542.5, 1612.6 and 1682.7 (see Table 1).
The above results show that the lipid composition of Ncc. occultus
is much more complex than that previously reported [24,28,29]. The
MALDI-TOF/MS investigations allowed the detection of minor phos-
pholipids, such as PGP, PE, BPG, and of glycolipids and complex di-
meric phosphoglycolipids (i.e. glycosylated cardiolipins) never
reported so far. The m/z values of glycolipids and complex dimeric
phosphoglycolipids do not correspond to those of glycolipids previ-
ously found in other halophiles. The elucidation of the structure of
these glycolipids is beyond the aim of the present work and will be
pursued in future studies.3.4. Preparative TLC of novel ether lipid cardiolipins based on 2-O-
sesterpanyl-3-O-phytanyl-sn-glycerol (C25, C20) glycerol diether core
HPTLC and MALDI-TOF/MS analyses have previously shown that
novel ether lipid cardiolipins based on 2-O-sesterpanyl-3-O-phyta-
nyl-sn-glycerol (C25, C20) are present in extremely halophilic archaea
(Fig. 2 and spectrum 11 in Fig. 3). To gain a conclusive evidence for
the presence of various BPG forms in Ncc. occultus, we performed a
preparative TLC to isolate the BPG band(s) from the silica and analyse
lipids in solution.
Preparative TLC gave information on lipid composition of Ncc.
occultus. Polar lipids accounted for about 90% of total lipids; quantita-
tive TLC analyses indicated that PGP- Me (C20, C20 together with C25,
C20) represents 70% by weight of the total lipid extract and PG (C20,
C20 plus C25, C20) 15%; the two forms of BPG, C20, C20 and C25, C20,
accounted for about 2% of the total lipid extract. The remaining part
was constituted by minor polar lipids such as PL2 and glycolipids.
The preparative TLC also allowed to distinguish two different BPG
bands on the plate (A and B in Fig. 4); the two different fractions con-
taining the novel ether lipid cardiolipins have been isolated from sil-
ica and analyzed by MALDI-TOF/MS (Fig. 4).
As expected, in the lower part of the band (A) is mostly present
the BPG form with all phytanyl chains, molecular ion at m/z 1520.5;
the abundant fragment at m/z 731, corresponds to PA C20, C20, diag-
nostic for the structure of this cardiolipin. On the other hand in the
upper part of the band (B) all the three forms of the BPG are present,
the most abundant being the one with one C25 and three C20 chains at
m/z 1590.6; in this case the intensity of the peak belonging to PA C20,
C20 is considerably reduced, while the intensity of the peak at m/z
801.8, corresponding to PA C25, C20, diagnostic for the structure of
BPG containing the 2-O-sesterpanyl-3-O-phytanyl-sn-glycerol (C25,
C20) diether lipid core, raises. Furthermore the sodium adduct of the
three forms are present (see also Table 1).
Fig. 3. Combined HPTLC and MALDI-TOF/MS analyses of the total lipid extract of Natronococcus occultus DSM 3396. The total lipid extract was applied on the plate as duplicate
(150 μg per each lane). One lane was sprayed with sulfuric acid and charred in the oven, 9-AA was applied manually along the other lane obtaining a continuous deposition.
The main bands on the TLC plate after charring are shown on the left. On the right, the negative spectra obtained by MALDI scanning of the lane covered with the matrix. Lipid
abbreviations and molecular ion masses are reported. Only the peaks showing a signiﬁcant position dependence are reported in the mass spectra. Peaks in spectra 1 and 2 refers
to unknown high polar glycolipids; those in spectra 7 and 8 to unknown complex dimeric phosphoglycolipids.
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The lipidomic approach of our study has yielded detailed updated
information on the lipid composition of two haloalkaliphilic archaeal
microorganisms of the genus Natronococcus, including the descrip-
tion of novel ether lipid cardiolipins based on 2-O-sesterpanyl-3-O-
phytanyl-sn-glycerol (C25, C20) diether lipid cores.
Wewill consider the innovative technical aspects of the present study
and thendiscuss results from the point of viewof lipid biology of archaea.
Matrix-assisted laser desorption ionization time-of-ﬂight mass
spectrometry (MALDI-TOF/MS) is an emerging technique in lipido-
mics studies and is suitable for the analysis of total lipid extracts of
eukaryotes, bacteria and archaea [23,30–35].
Recently a method of direct coupling of HPTLC andMALDI-TOF/MS
for lipid analysis has been developed [21]; the capabilities and limita-
tions of this method for the analysis of crude lipid extract from brain
tissue as well as from stem cells have been discussed [36,37]. In this
study we have extended the above method to the analysis of archaeal
lipids by using 9-aminoacridine as the matrix.
Present mass spectrometry analyses clearly showed that lipids of
haloalkaliphilic Archaea are based on 2,3-di-O-phytanyl-sn-glycerol
(C20, C20) and 2-O-sesterpanyl-3-O-phytanyl-sn-glycerol (C25, C20)
diether lipid cores; for example the signals of the main phospholipids
PGP-Me and PG in the lipid extracts are present as couples of peaks
differing of 70 Th, that represents the mass of the additional isopra-
noid unit present in the sesterpanyl chain compared to the phytanyl
one. In the present study we have not found MALDI-TOF/MS signals
referable to lipids containing two sesterpanyl C25.
The presence of C25 lipid chains in haloalkaliphilic archaea could
makes slightly ticker and more stable the membrane, conferring the
ability to better withstand with high pH gradients in the presence ofvery high salt concentrations. Indeed, studies in phosphatidylcholine
liposomes have demonstrated that proton permeability coefﬁcients
strongly depends on membrane thickness [38]. To describe the orga-
nization of lipids into the lipid matrix of haloalkaliphilic archeons De
Rosa et al. suggested a Zip structure (Fig. 5) that would hinder or limit
the dissipation of proton gradient across membranes [8,39]. In this
context we hypothesize that C25 lipids can confer an advantage for
living in extreme haloalkaliphilic environments.
The direct MALDI-TOF/MS scan of the chromatography plate has
revealed many new details and information about the lipid proﬁles
of two of the most representative haloalkaliphiles of the family
Halobacteriaceae.
In contrast with previous reports of the absence of glycolipids in
the genus Natronococcus we have shown that several glycolipids, al-
though as minor components, are present in the membranes of the
two microorganisms here studied. By comparing the total lipid com-
position of the two haloalkaliphiles we have shown that the pattern
of dimeric glycolipids of Ncc. occultus appears to be more complex
of that of Ncc. amylolyticus. Further experiments are required to eluci-
date the structures of these new glycolipids. The presence of clusters
of three peaks distant each other of 70 Th for each of the dimeric gly-
colipids, strongly suggests that these compounds may contain one or
two sesterpanyl chains.
Besides PGP-Me, PGP-1′,2′-cyclic phosphate and PG, here we have
shown that PGP, PE and BPG are also present. PGP-1′,2′-cyclic
phosphate, PGP and PE are minor or trace lipid components that
could represent metabolic intermediates rather than membrane com-
ponents; while BPG represents a true membrane lipid components of
specialized membrane domains.
In the following we will focus on the presence of BPG in extreme
haloalkaliphilic archaea and comparatively discuss its functional role.
Fig. 4. MALDI-TOF mass spectra of two PL fractions containing different proportions of BPG forms with chains of different length, isolated by preparative TLC from the total lipid
extract of Natronococcus occultus DSM 3396. The different species were not completely separated. The m/z signals present in the spectra are assigned as follows: PA (C20, C20),
[M–H]− at m/z 731.7; PA (C25, C20), [M–H]− at m/z 801.8; BPG (C20, C20, C20, C20), [M–H]− at m/z 1520.5; BPG (C25, C20, C20, C20), [M–H]− at m/z 1590.6; BPG (C25, C20, C25,
C20), [M–H]− at m/z 1660.7.
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found in all organisms of three domains of life: bacteria, archaea
and eukarya [11,40,41]. Cardiolipin is constituted by phosphatidic
acid linked to the glycerol head of phosphatidylglycerol by ester
bond. In bacteria and eukaryotes the cardiolipin often contains
fatty acid chains of different length and degree of unsaturation. De-
spite the similarity in the molecular backbone, the structure of ar-
chaeal cardiolipin is radically different from that of bacterial orFig. 5. Previously proposed models of archaeal membranes (adapted from De Rosa et al., re
halophiles. (B) “Zip”membrane type 1 formed by C20, C20 and C25, C20 diether lipids propose
ing a majority of C25, C20 diether lipids and equal proportion of C20, C20 and C25, C25 dietheeukaryal analogs. We have previously reported that archaeal cardio-
lipin of extreme halophilic microorganisms is an ether lipid consti-
tuted by four identical C20 isopranoid chains linked to glycerol
through ether bonds [12]. The complex cardiolipin molecule plays
a major role in membrane domains involved in bioenergetic func-
tions [41]. In eukaryotes, it is present only in mitochondria where
it interacts as an essential cofactor for the stability and functions
of all complexes of the respiratory chain and of many other integralfs 8, 39). (A) Bilayer membrane structure formed by C20, C20 diether lipids of extreme
d for haloalkaliphiles. (C) “Zip”membrane type 2 proposed for haloalkaliphiles contain-
r lipids.
Fig. 6. Structures of archaeal cardiolipins based on 2-O-sesterpanyl-3-O-phytanyl-sn-glycerol diether lipid core. BPG (C25, C20, C20, C20), Lipid Maps ID: LMGP12120002. BPG (C25,
C20, C25, C20), Lipid Maps ID: LMGP12120003.
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[42,43]. In bacteria and archaea cardiolipin also interacts with inte-
gral membrane proteins involved in bioenergetics [44–46] and
plays a role in osmoadaptation. We have previously shown that ar-
chaeal cardiolipin is abundant in membranes isolated from cells ex-
posed to osmotic shock and that his synthesis occurs at expense of
phosphatidylglycerol [14,15]; this phenomenon has also been ob-
served in bacteria, such as for example in Rhodobacter sphaeroides
[47].4.1. Conclusions
The present report extends the knowledge on the presence and
the structures of cardiolipins in archaeal membranes.
As it was reported that some archaea contain either PG C20, C20 or
PG C20, C25 in their membranes, we have selected Ncc. occultus and
Ncc. amylolyticus, extreme haloalkaliphiles, to examine the possibility
that both PGs could be incorporated in the cardiolipin structure and
therefore to check for the presence of archaeal bisphosphatidylgly-
cerol variants having chains of different length.
Combined HPTLC and MALDI-TOF/MS analyses of the total lipid
extracts have yielded a revised description of lipid proﬁles of the ex-
amined microorganisms and shown that cardiolipin variants contain-
ing sesterpanyl (C25) chains (see structures in Fig. 6) are present in
archaeal membranes.
Besides cardiolipin based on 2,3-di-O-phytanyl-sn-glycerol (C20,
C20) diether lipid core (typically present in halophiles), novel archae-
al cardiolipins based on 2-O-sesterpanyl-3-O-phytanyl-sn-glycerol
(C25, C20) diether lipid core and having different combinations of phy-
tanyl (C20) and sesterpanyl (C25) chains have been found in the lipid
extracts of the two different haloalkaliphilic archaea. In addition, the
powerful technique here used has allowed the detection of some
novel glycosylated cardiolipins, whose complex structures require
further chemical investigations to be fully resolved.
It is concluded that the archaeal cardiolipin synthase can utilize
both PG C20, C20 and PG C20, C25 as substrates and that the heteroge-
neity of cardiolipin lipid chains is a common trait among archaea and
bacteria.Supplementary materials related to this article can be found on-
line at doi:10.1016/j.bbamem.2012.02.014.
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